During myocardial ischemia produced in 43 dogs by occlusion of left coronary artery, electrical alternans developed in 34 experiments. The most common was alternans of ST-T complex.
A number of investigators3)-5) have produced this phenomenon experimentally and have postulated its mechanism. The theory predicated by Hamburger et al6) is that it is a prolongation of refractory phase in some portion of the heart. Brody and Rosman7) postulated that electrical alternans might be the result of 2 alternating foci of impulse initiation or 2 alternating paths of conduction from 1 focus. Many investigators8)-11) using the microelectrode technique have suggested that electrical alternans is related to the behavior of individual fiber rather than to alternating refractoriness of some myocardial cells.
In the present experiments, membrane action potential (MAP) and surface electrogram were recorded simultaneously from left ventricle during the electrical alternation following coronary occlusion in dogs.
The purpose of this study is to investigate the mechanism of electrical alternans of ST segment. The nature of ST segment displacement in general was also considered on the basis of the present findings.
Furthermore, we recently observed a patient with electrical alternans of repolarization phase. The mechanism of the development of ST segment alternans in this case will be discussed on the basis of our experiments.
METHODS
Experiments were performed in 43 mongrel dogs weighing 12-21 Kg. Anesthesia was achieved with intravenous pentobarbital sodium at a dose of 25 mg/Kg. With the animal on artificial respiration, the thorax was opened, then the heart and the study areas were exposed. Recording areas were selected on the endocardium and the epicardium of the left ventricle supplied with blood through the anterior descending branch of left coronary artery and on the epicardium of right ventricle. The pericardium was removed by dissection. A steel ring covered with polyethylene tubing was affixed to the recording area of left ventricle to minimize movement. To keep the study area moist and warm it was constantly irrigated with Ringer's solution at physiologic temperature (Fig.1) .
Two unipolar electrograms and MAP were recorded simultaneously. One unipolar electrogram and MAR were recorded from left ventricular surface. The other unipolar electrogram was recorded from right ventricular surface or the endocardium of left ventricle just opposite to the recording area of epicardial surface.
The unipolar epicardial surface electrodes were made of tungsten wire about 0.1 mm in diameter. The unipolar endocardial electrodes were made of copper wire coated with enamel, except the tip. The tip of the electrode was sharply bent like a fishhook. The electrode was held inside of a needle. The needle was inserted into ventricular cavity and then only the needle was withdrawn so that the electrode became hooked on the endocardium. The indifferent electrodes for recording unipolar electrograms were connected with Wilson's central terminal.
A mounted flexible glass capillary electrode was used to record intracellular electrogram. The electric resistance of the microelectrode was 10-20 megohms. The indifferent electrode for MAP was placed on the epicardium as close as possible to the microelectrode to minimize the extrinsic factor.
To produce electrical alternans, the anterior descending branch of left coronary artery was ligated for a few minutes. In each experiment, the ligation of coronary artery was made repeatedly.
In 12 cases the electrical stimulation was applied to the endocardium near sinoatrial node at a frequency of about 20% above the sinus rate.
Two preamplifiers were used to record electrogram and MAP. Output from each amplifier was introduced into a dual beam oscilloscope and into a direct-writing electrograph.
RESULTS
In 43 experimental dogs, myocardial ischemia was produced by occulsion of anterior descending branch of left coronary artery. Electrical alternans developed in 34 of 43 dogs. Fifty cases of alternans were observed. Electrical alternans appeared within 2-3 min after occlusion of coronary artery, and was transient in some cases. Repeated temporary occlusion predisposed to the development of electrical alternans.
A. Alternans in surface electrograms recorded from ischemic areas: Beat-to-beat alternation in the degree of elevation of ST-T complex appeared in all cases (Fig.2) . The average difference in ST segment elevation between alternating complexes was 3.8 mV (1.6-9.6 mV).
In 3 cases, alternans of TQ segment was accompanied by that of ST-T complex (Fig.3) .
In the majority of cases, configuration, duration, and amplitude of the QRS complex remained constant during the periods of alternans. In a few cases, however, the alternans of ST-T complex with that of the R wave in amplitude was noted. The R-R intervals did not vary during alternans in all cases. In 12 cases, in which electrical stimulation was performed, the interval between the artifact of stimulation and the onset of the QRS complex was unchanged.
B. Alternans in MAP recorded from ischemic areas: Alternans of the rate of repolarization was observed in all cases (Fig.2 ). In the majority of cases, resting level, magnitude and duration of MAP remained unchanged during the period of alternans.
In 3 cases, alternans of resting level accompanying that of the rate of repolarization was observed (Fig.3 ). This alternans of MAP corresponded to the alternans of the ST-T complex and that of the TQ segment in surface electrograms.
In 4 cases, alternans of the rate of repolarization with that of the duration of MAP was observed.
C. Unipolar surface electrograms recorded from right ventricle: In 39 cases, unipolar surface electrograms were recorded simultaneously from both right and left ventricles. In spite of the presence of alternans in the electrogram recorded from the iscehmic area of left ventricle, no alternans was observed in the electrogram recorded from right ventricle (Fig.4) .
D. Unipolar electrograms recorded from endocardium in ischemic areas: In 11 cases, unipolar electrograms were recorded simultaneously from both endocardial and epicardial surfaces of ischemic area. Four cases showed alternans confined to epicardial surface and 2 cases showed alternans confined to endocardial surface (Figs.5, 6 ).
In the remaining 5 cases, alternans of ST segment was observed simultaneously in both epicardial and endocardial electrograms (Fig.7A) . In 2 of these, the direction of ST segment deviation in epicardial electrograms was different from that in the corresponding endocardial electrograms (Fig.7B) .
E. Relationship between alternans in surface electrogram and MAP: The alternans of the rate of repolarization in MAP corresponds to the alternans of ST-T complex in surface electrograms. bizarre QRS appeared (Fig.8E) . During this course the patient was in a deep comatous state, and now under the persistent vegetative condition. The recent ECG showed only the pattern of myocardial damage; negative T waves were in leads V2 through V6 (Fig.8F ) In the present experiments, however, electrical alternans in both epi-cardial and endocardial electrograms recorded from ischemic areas did not always appear simultaneously. In some cases, it occurred only in the epicardial electrogram. In other cases, it occurred only in the endocardial electrogram. These findings indicate that the area of alternans is not extensive but is limited to a relatively small area. Furthermore, electrical alternans was transient in some cases. These may be the reasons why electrical alternans is considered to be a clinically rare phenomenon in electrocardiography.
Regarding the occurrence of different kinds of electrical alternans in endocardium and epicardium (Fig.7B) , endocardial alternans may be a reciprocal phenomenon of the epicardial alternans. However, the phenomenon depicted in Fig.7A does not support this possibility. Another possibility is that different kinds of electrical alternans occurred simultaneously in each area. To solve this problem, additional recording of MAP from the endocardium would be necessary. The result suggests that surface electrograms are derived from the membrane action potentials in the adjacent area and that the cause of electrical alternans is in the cell itself rather than in the large muscle bundles.
There are many theories regarding the nature of ST segment shift. One of them is that diastolic injury current causes a TQ segment shift, resulting in a relative ST segment shift.13),14) Another theory is that systolic injury current causes a true ST segment shift.15),6) Some investigators17),18) have postulated the combination of these 2 theories. The bases for these theories are as follows: The myocardial cells in the injured area lack the ability to polarize normally in resting stage and lack the ability to depolarize normally in activation. Abnormal polarization causes diastolic injury current and abnormal depolarization causes systolic injury current. Relative ST segment shift due to TQ segment shift has been explained by hypopolarization or hyperpolarization of myocardial cells. True ST segment shift without TQ segment shift has been explained by hypodepolarization or hyperpolarization of cardiac muscle cells.
In the present results, alternation of ST segment was not associated with alternation of TQ segment. This alternation of ST segment corresponds to the alternation of the rate of repolarization in MAP, supporting the idea that electrical alternans is due to a alternation in the rate and quantity of ionic movements across the cell membrane. The amplitude and resting level of membrane action potential remained unchanged. In addition, there is a strong correlation between the difference of ST-T displacement in alternating surface electrograms and that of the corresponding displacement of repolarization phase in MAP. These results suggest that only the changes of phase 2 in membrane action potential may contribute to the true shift of ST segment The changes in electrocardiogram observed in the present study are similar to that induced by administration of Ca++.24) Bass25) studied the electrical restitution following an action potential in cat papillary muscle by interpolation of test extrasystoles at various delays in the interval between 2 action potentials, and suggested a causal relationship between membrane Ca content and the configuration of action potential. These facts suggest that the alternans of ST segment may be due to the alternation of the Ca++ flow during the plateau phase of action potentials. Further investigation of the mechanism of electrical alternans will offer additional evidence concerning the mechanism of ST segment displacement. Clinically, electrical alternans has been observed in patients with paroxysmal tachycardia, acute coronary occlusion, severe angina pectoris, valvular heart disease, hyperkalemia, hypocalcemia, and pericarditis with effusion. Toxic dose of digitalis and propylthiouracil have initiated this phenomenon. Most cases reported to date showed alternation of the QRS amplitude either with or without T wave alternans, while only several cases of isolated T-U alternans can be found in the literature.16)-29) Our present case shows the alternation of repolarization phase alone. This patient had suffered from anterior myocardial infarction, and the alternans of repolarization phase was developed only in the ischemic area (V3-6). The duration was very short. It is thus considered that ischemic ocndition probably plays a major role in the development of ST-T alternans in this case. Because it has been reported that the K+ concentration also affect the plateau phase of action potentials,30) and Ishikawa et al16) have found the electrical alternans in a parient with hypokalemia, it is probable that hypokalemia played a role in the development of the alternans. Unfortunately, Ca content of the blood was not examined. Since the present study indicates that alternation of the rate of repolarization in action potentials is accompanied by ST-T alternans, effort is now under way to study the relationship between the slow inward Ca++ currents and ST-T alternans.
